The electrode microstructure plays an integral role in the performance of the non-aqueous Li-air battery. Computational modeling has proven to be an indispensible tool in the analysis of battery systems, but previous macroscale, volume-averaged models that consider the porous electrode as a homogenous medium of uniform geometric properties are insufficient to probe the effect of precise electrode microstructures. Utilizing a pore-scale transport-resolved model of the Li-air battery, the complex electrode and Li 2 O 2 morphologies can be directly incorporated and their effects on the system-level performance can be evaluated. A thickness-dependent electrical conductivity of Li 2 O 2 is considered in the model based on inputs from the density functional theory. Model validation is presented along with a sensitivity study of the applied current density and the reaction rate coefficient. The effect of electrode geometry (e.g., nanostructure spacing and height) on cell performance, including its influence on pore blocking compared against electrical insulation, is investigated. Pore blocking is observed for cathodes with nanostructure spacing less than twice a critical insulating thickness of Li 2 O 2 , suggesting the loss of active surface area as the mechanism for decreased cell performance. While for cathodes with larger nanostructure spacing, the discharge capacity is dictated by the electrical insulation of Developing a battery with the energy density of fossil fuel has been an elusive goal that will likely usher in the widespread implementation of high-energy storage applications, such as electrified transportation 1 . Current Li-ion batteries (100 -480 Wh kg −1 practical 2-4 ) have only 5-28% of the specific energy of gasoline (1700 Wh kg −1 practical 5 ); in order to drive 300 miles, an electric car would need a 500 kg Liion battery.
Developing a battery with the energy density of fossil fuel has been an elusive goal that will likely usher in the widespread implementation of high-energy storage applications, such as electrified transportation 1 . Current Li-ion batteries (100 -480 Wh kg ; in order to drive 300 miles, an electric car would need a 500 kg Liion battery. 4 Alternatively, the non-aqueous Li-air (or more precisely Li-oxygen) batteries (1800 -2700 Wh kg −1 practical 6-10 ) have up to 5 times the energy density of Li-ion batteries, putting them well within the range of gasoline 1 . Several factors contribute to the high energy density of Li-air battery: (i) there is no heavy transition metal in the cell, 11 (ii) lithium is the lightest and most electronegative anode metal, and (iii) the gaseous reactant O 2 is not contained within the cell but instead can be drawn from the surroundings. However, the relatively new Li-air battery still underperforms in several key factors when compared to the more established Li-ion battery, such as low round trip efficiency (70% 9, 12 vs. >95% 13 ), low drawing current density (0.1-1.0 mA cm −28,14 vs. 30 mA cm −214 ) and poor cycle life (∼100 15, 16 vs. 5000 17 ). The source of these problems can be traced to a number of key issues, including the electric insulation of the reaction products, [18] [19] [20] [21] [22] parasitic irreversible side reactions, [23] [24] [25] [26] electrolyte instability, 12, 23, 24 and electrode degradation. 12, 27 These shortcomings must be overcome in order for the Li-air battery to become viable.
Four primary variations of the Li-air battery has been studied in the literature, differentiated by the constitutive electrolyte: organic (non-aqueous), aqueous, hybrid organic/aqueous, and solid-state. 21 As shown schematically in Fig. 1 , the non-aqueous Li-air battery consists of a lithium anode and a porous cathode submerged in an organic electrolyte. Its cathode is composed of high-surface area solid material (usually carbon) that forms an electrically conductive network and the overall cathode reaction is given by: 28 
2Li
+ + O 2 + 2e − ↔ Li 2 O 2 (2.96 V) [1] where the forward reaction is the oxygen reduction reaction (ORR) during discharge. As shown in Fig. 1 , during discharge the lowsolubility reaction products (e.g., Li 2 O 2 ) deposit on the surface of the cathode material as solid precipitate that hinders charge transport to the electrode and reduces the available active surface area. Although parasitic side reactions may lead to the formation of Li 2 CO 3 and other lithium alkyl carbonates, [23] [24] [25] Eq. 1 is the desired reversible reaction that ensures true rechargeability within the non-aqueous Liair battery. 29 As such, the non-aqueous Li-air battery has received the most attention of the four configurations. 1 The morphology of the Li 2 O 2 formation significantly influences the performance of the non-aqueous Li-air battery. Although Li 2 O 2 is the desired discharge product and essential for the oxygen evolution reaction (OER), it is also a bulk electrical insulator that impedes electronic transport and is believed to be the main cause of high overpotentials within Li-air batteries. [18] [19] [20] [21] Using density functional theory calculations, Viswanathan et al. 22 showed that the conductivity of Li 2 O 2 varies with its thickness and predicted the electron insulation at a Li 2 O 2 film thickness between 5-10 nm. Based on this predicted insulation thickness, Xue et al. 30 developed a macroscale model for the electrode, featuring a pore size distribution with an expression for the probability of electron tunneling as a function of the film thickness. When the electron tunneling probability is small, the electrode becomes insulated. Recently, Hu et al. 31 showed that by decreasing the size of Li 2 O 2 particles from 600 nm to 160 nm, a 230% increase Fig. 1 . Schematic of a non-aqueous Li-air battery. The microscale computational domain ( ) consists of three distinct phases of electrolyte ( 1 ), electrode ( 2 ), and peroxide ( 3 ), which are mutually exclusive from another, i.e.
= 1 ∪ 2 ∪ 3 .
in specific capacity, a 400 mV decrease in charging potential, and an 8% increase in round-trip efficiency are observed. Additionally, the complex electrode microstructure also plays a key role in determining the cell performance. The high-surface-area, porous electrodes are usually comprised of carbon-based materials that come in a variety of forms, including powders, 8 foams, 32 nanotubes 33 and nanofibers. 9 Although carbon electrodes have been shown to degrade during operation [7] [8] [9] 12, 23, 27 (which has prompted the use of alternative more stable materials such as Au 16 and TiC 34 ), the focus of this paper is on carbon-based electrodes. The electrodes in the Li-air cell both provide a site for the reactions to take place and help catalyze the ORR. Typically increasing the surface area of the electrode will improve the cell performance in terms of voltage and capacity. However, the discharge capacity also relates closely to the electrode pore size, 35 because the Li 2 O 2 resulting from the ORR can block the smallest pores within the electrode, rendering much of the electrode unusable for the electrochemical reactions. These studies clearly show that both the peroxide growth and electrode microstructure must be considered in unison in order to address the challenge of improving Li-air battery performance.
Computational simulation can be a valuable tool in assessing the effects of the electrode microstructure and peroxide growth on the Li-air battery performance. Only a few numerical models have been reported for the non-aqueous Li-air battery so far. 4, 21, [36] [37] [38] [39] Most of the studies are based on 1D, transient, isothermal models of nonaqueous Li-air systems with carbonate-based electrolytes and assume Li 2 O 2 to be the primary discharge product. Sandu et al. 38 modeled the growth of the discharge products as a change in average pore size and showed that O 2 diffusion is limited within the electrolyte. They were able to study the effects of current density, electrode thickness, and O 2 partial pressure on the specific capacity. Andrei et al. 36 developed a model to predict the spatial distribution of the pore volume within the Li-air cell and found that pore blocking exists at the end of discharge. They also explored the beneficial effects of incorporating non-uniform catalyst distribution within the electrolyte and proposed the use of partially-wetted electrodes to reduce the O 2 diffusion length. Xue et al. 30 considered the pore size distribution in their model in order to predict the loss of cell performance attributed to three factors: loss of reaction area, pore blocking, and electrical insulation. Albertus et al. 21 developed a model to consider Li 2 CO 3 as the primary discharge product. Li and Faghri 4 developed a 2D nonisothermal model and studied the effects of cathode structures with non-uniform porosity distributions. Wang 40 extended the analysis of the effects of ice formation in PEM fuel cells to Li 2 O 2 formation in Li-air batteries and showed that the Li 2 O 2 growth mode (via different simplified electrode morphologies) could have significant effects on the performance of the Li-air cell. Wang and Cho 41 developed an approximate analytical model to correlate the cell performance with bulk geometric parameters such as porosity, tortuosity, and the Damköhler number. Sahapatsombut et al. 37 modeled the cell charging performance in addition to discharge. Finally, Sahapatsombut et al. 39 modeled electrolyte degradation effects by considering the growth of Li 2 O 2 and Li 2 CO 3 in unison. Their model was able to capture the decreasing capacity retention that occurs during repeated cycling of the Li-air cell (about 5% capacity retention per cycle after 10 cycles).
The above mentioned models can all be described as macroscopic models since they rely on using volume-averaged structures and effective parameters of the electrode to develop results. In such models, the porous three-phase electrode/electrolyte/peroxide matrix within the cathode is represented as a single continuum, where the electrode structure is characterized using bulk geometric parameters such as porosity, surface area, and tortuosity. Additionally, a necessary assumption is that the electrode microstructure is composed entirely of simple geometric shapes (such as flat plates, cylinders, and spheres) in order to develop the analytical correlations for the electrode's bulk geometric parameters. In these works, the growth of Li 2 O 2 can only be captured as a change in bulk porosity throughout the cell, expressed as a function of the ORR rate. As a result, macroscopic models lack the capabilities to predict the effects of the precise electrode and peroxide microstructures that are found in real Li-air systems.
In this work, a pore-scale (or microscale) transport resolved model of the non-aqueous Li-air battery is developed that accounts for the species/charge transport and reaction kinetics across the separate phases of electrolyte, electrode, and peroxide in the porous cathode. Unlike macroscopic models 4, 21, [36] [37] [38] [39] 42 that rely on the use of simplified electrode structures, this pore-scale model can take any structure of the electrode and peroxide as a geometric input, making it possible to study the effects that the detailed electrode microstructure and Li 2 O 2 growth buildup have on the system-level performance of the Liair battery. This approach will contribute to the understanding of the electrode morphological effects, which can aid in the design of better electrodes. Similar microscale models have provided unprecedented insight into the transport phenomena in lithium ion batteries [43] [44] [45] [46] [47] [48] and vanadium flow batteries. 49, 50 Although a pore-scale approach is computationally intensive, the aid of widely available parallel computing facilities will make this microscale model a feasible and powerful tool in understanding the physics that corresponds more closely to the physical Li- 
Model Development
The ion/charge transport and the electrochemistry of a nonaqueous Li-air battery is modeled by solving the coupled, nonlinear differential equations that describe the species and charge balance within the cell. Once the proper parameters, initial/boundary conditions and phase geometries are defined, the governing equations are discretized and solved using an in-house parallel simulation program.
The details of the microscale model are presented as follows. The primary assumptions of the present study are outlined in Assumptions section. The notations used herein to describe the domain regions and phase boundaries are defined in Domain subregions section. The governing equations that describe the species and charge transport are given in Governing equations section. Reaction rate expression section includes the details about modeling the electrochemical reactions that take place at the electrode surface via the Butler-Volmer equation. Boundary and initial conditions used in this study are described in Boundary and initial conditions section. Li 2 O 2 growth model and thickness-dependent conductivity section summarizes the growth mechanism and thickness-dependent conductivity model to account for the Li 2 O 2 formation during discharge. Finally, details of the numerical implementation are provided in Numerical implementation section.
Assumptions.-Unless otherwise stated, the following assumptions are observed for all cases in the model:
r The electrolyte phase in the model is assumed to be binary monovalent and defined with the properties of 1,2-Dimethoxyethane (DME). r Degradation of electrolyte and electrode are not considered. r Convective mass fluxes in the electrolyte are negligible. r The system is in isothermal conditions. Domain subregions.-As shown in Fig. 1 , the two-dimensional computational domain extends from the left hand side which represents the lithium metal boundary at x = 0 to the right hand side which represents the current collector and environmental oxygen boundary conditions at x = L x . The computational domain is also periodic in the y-direction with the lower boundary at y = 0 and upper boundary at y = L y . The microscale model accounts for the species and/or charge transport across the three distinct phases of liquid electrolyte, solid carbon electrode, and solid lithium peroxide, denoted by 1 , 2 , and 3 , respectively. The entire simulation domain consists exclusively of these three non-overlapping subdomains, with
The interfaces between two subregions are denoted by jk where jk = j ∩ k. For example 12 represents all boundaries between the liquid electrolyte 1 and solid electrode 2 . An illustration of the subregions is shown in Fig. 1 . Herein, references to a 'solid' phase means both electrode and Li 2 O 2 phases, i.e. 2 ∪ 3 .
Governing equations.-The governing equations describe the transport of species (Species conservation section) and charge (Charge conservation section) as given by the concentrated binary electrolyte theory applied at the continuum level. 56 
Species conservation.-The concentrations of species O 2 and Li
+ are solved in the electrolyte phase of the battery (denoted by subscript 1). The mass conversion of O 2 is given by the diffusion equation:
where c is the concentration, D the diffusion coefficient, and the subscript represents species (O 2 is given here in Eq. 2). The conservation of Li + is governed by diffusion with an additional term to account for the mass flux due to an electrolytic current 56 as follows
where t + is the transference number, F is the Faraday constant (96,485 C mol −1 ), and i is the electrolytic current, given by:
[4] where ϕ 1 is the electric potential in the electrolyte phase, κ 1 is the electrolytic conductivity, R is the universal gas constant (8.3143 J mol
, T is the absolute temperature, and f is the activity coefficient. The term ∂ ln f /∂ ln c Li + is approximated to be zero. 36 Charge conservation.-The electrostatic potential within the battery is solved using the conservation of charge in all relevant phases of the battery. The charge transport process in the Li 2 O 2 is very complicated, most likely involving electron tunneling effects, 22 semi-metallic surface conductivity, 8 ,18,20,57 polaron migration, 19, 58 or some combination thereof. 59 For this work, we assume that Ohm's law describes the conservation of charge in the electrode and solid Li 2 O 2 phases (denoted by subscript 2 and 3, respectively):
where ϕ 2 and ϕ 3 are, respectively, the electrode and Li 2 O 2 phase potentials and σ 2 and σ 3 are, respectively, the electrical conductivities of the electrode phase and the Li 2 O 2 phase. The conductivity of the Li 2 O 2 phase is dependent on its thickness and will be addressed in later sections. In the electrolyte, a modified version of Ohm's law known as the drift-diffusion equation is used to model the electrostatic potential:
[7] The cell voltage can be calculated by taking the difference between the electrode-phase voltage at the current collector boundary with the electrolyte-phase voltage at the lithium metal boundary, i.e., U = ϕ 2 | x=L x − ϕ 1 | x=0 . The discharge process is considered complete when the cell voltage drops below a cutoff voltage of 2.0 V. A one-step reaction process is assumed for this study following Eq. 1 that takes place on the electrolyte/solid interface, i.e., 12 ∪ 13 . As shown in Fig. 1 , it is assumed that new Li 2 O 2 will form over existing buildup, as deduced from experimental observations where electrode catalysts lose their effectiveness after a layer of Li 2 O 2 has formed above the cathode surface. 12, 18, 51 The current flux, denoted by i ·n, is calculated using the Butler-Volmer equation 36 ,52
RT η on 12 ∪ 13 [8] where the molar concentrations are taken at the surface of the liquid/solid interface,n denotes the unit normal pointing outward from the solid surface, k c is the reaction rate coefficient, β is the symmetry factor, and η is the surface overpotential given by [9] where ϕ 2∪3 represents the electrostatic potential in either the electrode or Li 2 O 2 taken at the active surface, ϕ 1 is the electrostatic potential in the liquid phase by the active surface, and U 0 is the thermodynamic voltage for the overall reaction in Eq. 1. The corresponding mole flux for species i ∈ {O 2 , Li + , Li 2 O 2 } denoted by N i from the electrochemical reactions can be calculated from the current flux using Faraday's Law: [10] where s i is the stoichiometric coefficient of the reaction for species i as per Eq. 1, n is the number of electrons transferred in the reaction, and n = 2 for Eq. 1. It should be reiterated that the microscale model considers the ORR given by the Butler-Volmer equation (Eq. 8) as a surface flux boundary condition between all liquid/solid interfaces, i.e. 12 ∪ 13 , while macroscale models incorporate the ORR as a volumetric source term within a homogenous electrode/electrolyte volume. The surface quantities of concentration and voltage at the solid/electrolyte interface dictate the conditions for the ORR, so attaining these values next to the active surface is important for accurately modeling the microscale electrochemical behavior of the Li-air battery. In macroscale models, only bulk values (meaning volume-averaged values that do not reflect the quantities found next to the interface) for concentration and voltage are used since the porous electrolyte/electrode matrix is treated as a single continuum, 21, 36, 60 although localized values can be Table I . Boundary conditions used in the simulation. Periodic boundary conditions are used for all variables at the y = 0 and y = L y boundaries.
Sub-region Variable
approximated using bulk diffusion models such as Fick's law. 37 In the present study, localized values of concentration and voltage near the active surface are available intrinsically since the liquid and solid phases are distinctively modeled, so no approximations regarding the surface quantities are necessary.
Boundary and initial conditions.-The boundary conditions used to solve for the species and charge transport are summarized in Table I . At x = L x , an external current density (i ext ) is applied to the electrode phase, while a Dirichlet oxygen concentration boundary condition equivalent to the solubility of O 2 is applied to the electrolyte (c   max  O 2 ). At the left end of the electrolyte domain, the lithium metal boundary, the solubility value of Li + is applied as a Dirichlet concentration boundary condition (c max Li + ), 36 and a reference voltage is applied and assumed constant. 53 Periodic boundary conditions are applied for all variables and phases at the y = 0 and y = L y boundaries. Continuous voltage flux boundary conditions are used at the electrode/Li 2 O 2 interface ( 23 ). The Butler-Volmer flux (Eq. 8) is applied as a surface flux boundary condition between all electrolyte/solid interfaces, i.e. 12 ∪ 13 . It should be mentioned that as Li 2 O 2 forms, the liquid electrolyte will be displaced out of the porous cathode. 21 As such, this model considers the conservation of electrolyte mass by displacing electrolyte voxels to the left side of our domain whenever a Li 2 The electrically insulating effect of the Li 2 O 2 is then accounted for as an additional porosity-dependent surface resistance in the overpotential expression. 21 As such, these models are not able to explore the importance of detailed Li 2 O 2 morphology on the cell-level performance. 31 Unfortunately, there is no consensus regarding the specific growth mechanism for the Li 2 O 2 discharge product. Viswanathan et al. suggested that electrical insulation limits the growth of Li 2 O 2 films to 10 nm 22 , although high-capacity experiments (1000 -10000 mAhg −16,8-10,51,70 ) revealed that the deposition products can grow up to 1 μm in size. 9, 61, 62 Based on XRD studies, 12 Lu et al. 59 observed a quasi-unifying growth mechanism in which seed layers of Li 2 O 2 form up to 10 nm thick sheets, implying charge transport via electron tunneling. Figure 2b shows the comparison of discharge profiles between the present thickness-dependent Li 2 O 2 conductivity model, Eq. 12, and constant Li 2 O 2 conductivities of 10 −10 and 10 −11 S/m, respectively, for a bare fin cathode (a planar electrode without nanostructure features) with local current density of 2.5 mA m c −2 . The results show that the discharge capacity is very sensitive to the conductivity of Li 2 O 2 . For both cases of σ 3 = 10 −11 S/m and the thickness-dependent conductivity, the discharge process is complete when the Li 2 O 2 layer growing on the electrode surface becomes electrically insulated. A higher Li 2 O 2 conductivity leads to a larger discharge capacity as a result of a thicker Li 2 O 2 buildup. The step-like discharge profiles shown in these cases are due to the fact that in our simulation Li 2 O 2 grows in distinct layers causing non-continuous drops in the cell voltage. As shown in Fig. 2b, for It is important to note that, once the electrode is insulated by the Li 2 Equation 14 predicts the insulation limit of the specific discharge capacity for an electrode of constant specific area during discharge. For the case where pore blocking occurs, the electrode surface area is changed locally, which violates the constant specific area assumption. The active surface area decreases as a result of pore blocking, which leads to capacity fading.
Numerical implementation.-The simulation program is written in-house using FORTRAN 90 and the Message Passing Interface (MPI) for parallel processing via 1D domain decomposition. An implicit 2D finite-volume method (FVM) 73 is used to linearize and solve for the coupled, nonlinear governing transport equations. As for the mesh, on one hand, a fine mesh is preferred to guarantee the growth and the thickness-dependent conductivity of Li 2 O 2, as well as the electrode microstructure, are modeled with high accuracy. On the other hand, the grid size should be large enough to avoid the breakdown of the continuum assumption. Therefore, a uniform Cartesian mesh with a grid resolution of 2 nm, well above the calculated Debye length of 0.3 nm, is used to model the nanoscale Li 2 O 2 formations with adequate fidelity. A tolerance of 1 × 10 −10 is imposed for the relative residual error for the voltage and concentration fields. Additionally, a tolerance of 1 × 10 −4 is imposed to ensure the overall conservation of charge is maintained (calculated based on the relative difference between the total current drawn at the current collector and the total current drawn across the surface of the electrolyte/solid interface). Simulations were performed using 4 nodes of the Stampede cluster with Intel Xeon Phi Co-processors at the Texas Advanced Computing Center.
Results and Discussion
The results are organized as follows. Model validation section contains the model validation against the experimental work of Lu et al. 8 Effect of operating parameters section shows the effects of applied current density and ORR rate coefficient on cell performance. Effect of electrode structure section investigates the effects of electrode structures on Li 2 O 2 growth and discharge profile. All simulations are performed under galvanostatic discharge conditions. All reported current densities and capacities are normalized to the surface area and mass, respectively, of the carbon electrode prior to discharge (denoted by subscript "c"). The parameters listed in Table II are used in all cases unless otherwise stated.
Model validation.-The pore-scale model is validated against the experimental work of Lu et al. 8 The parameters used in Lu et al., including an ether-based electrolyte (0.1M LiClO 4 DME) as listed in Table II , are applied in the simulation. A nanostructured electrode was constructed to match the 85% porosity and 100 m 2 g c −1 specific area, 8 and the spacing of the nanostructure was chosen to be 30 nm to match the minimum pore size in Lu et al. buildup on the entire electrode surface. This is followed by another large voltage drop below its cutoff value causing the discharge process to stop. The inset of Fig. 3 shows a 0.1 μm × 0.1 μm snapshot of the nanostructured cathode with Li 2 O 2 deposition (in yellow) when Note that, for the electrode microstructure considered (H = 10 nm, S = 30 nm), Eq. 14 predicts the insulation limit of the specific discharge capacity of 3150 mAh g c −1 , which is higher than both the simulated (2813 mAhg c −1 ) and experimentally determined (2685 mAh g c −1 ) values. This is because the Li 2 O 2 buildup does not globally reach its critical insulation thickness when the discharge process stops at the discharge cutoff voltage of 2.0 V.
Effect of operating parameters.-In this section, the effects of different discharge current density and ORR rate coefficients on the discharge capacity and discharge voltage are explored. The nanostructured electrode with spacing of 30 nm, height of 10 nm, 85% porosity, and 100 m 2 g c −1 specific area (i.e. the validation case) is used for all simulations in this section. As mentioned in Model validation section, no pore blocking occurs for this nanostructured cathode at i local = 0.5 mA m c −2 and k c = 3.63 × 10
Effect of local current density.-The local current density affects the growth rate of Li 2 O 2 and is thus an important parameter to examine. Figure 4a shows the cell voltage versus the specific capacity for the local current densities of 0.5, 1.0, 2.5, and 20 mA m c −2 , respectively when keeping k c = 3.63 × 10 −9 mol m −2 s −1 . The results show that the discharge cell voltage decreases with applied current density from 2.731 V at 0.5 mA m c −2 to 2.541 V at 20 mA m c −2 , due to a larger overpotential (and larger reaction losses) as a result of an increased current. The specific discharge capacity also decreases with local current density, from 3038 mAh g c −1 at 0.5 mA m c −2 to 2536 mAh g c
at 20 mA m c −2 . This is because a smaller local current density corresponds to a higher cell voltage, which allows for a longer discharge time before it reaches the cutoff voltage of 2.0 V. As the local current density decreases to 0.5 mA m c −2 , the specfic capacity finally reaches its insulation limit of 3150 mAh g c −1 , predicted by Eq. 14. As shown in the inset of Fig. 4a , the zoomed-in snapshots of Li 2 O 2 deposited on the electrode surface at the end of discharge demonstrate Table II. the reach of critical insulation thickness of 12 nm (the next thickness increment is 14 nm, exceeding δ crit of 12.6 nm) for the entire electrode at i local =0.5 mA m c −2 , compared to only locally reaching the critical Li 2 O 2 thickness for i local =1 mA m c −2 .
Effect of ORR rate coefficient.-In experiments where various catalysts were applied to the electrode surface, improvements in discharge voltage were observed during the initial phases of discharge before the Li 2 O 2 layer was thick enough to envelop the catalysts on the cathode surface. 12, 18, 51 The catalyst influences the discharge cell voltage by affecting the ORR rate coefficient, k c , which dictates the efficiency to which the ORR is carried out on the cathode surface. Figure 4b shows the comparison of discharge curves from present pore-scale simulations using ORR rate coefficients of k c = 3.63 × 10 −10 , 3.63 × 10 −9 , and 3.63 × 10 −8 mol m −2 s −1 . The results show that the discharge specific capacity does not change significantly with the ORR rate coefficient k c , because k c only affects the speed of the reaction, not the quantity of reactions occurring. On the other hand, a higher k c improves the cell voltage, a trend that is echoed in previous macroscope models. 36, 37 For kinetic-limited growth of Li 2 O 2 during galvanostatic discharge, the improvement in cell voltage with increasing ORR rate coefficient is due to the reduction in reaction losses and a lower overpotential η governed by the Butler-Volmer relation (Eq. 8). However, in real battery practice, the increase of cell voltage by the use of catalysts may not sustain through the entire discharge process due to the coverage of the porous electrode surface by Li 2 O 2 .
Effect of electrode structure.-In addition to the aforementioned parameters, the electrode structure also has a strong effect on the discharge capabilities of the non-aqueous Li-air battery. As discussed in the introduction, Tran et al. 35 showed that the pore size of the hierarchal structure of the electrode material plays a key role in determining the cell capacity. 35 Previous macroscopic models can only observe the effects of bulk geometric parameters, such as porosity, surface area, and tortuosity in volume-averaged domains that assume a homogenous distribution of simplified electrode structures such as cylinders, spheres, and plates. 4, 21, [36] [37] [38] [39] [40] [41] [42] 69 Pore-scale simulations are conducted here to examine the effects of nanostructure spacing and height of an electrode of around 85% porosity and 100 m 2 g c −1 specific area at galvanostatic conditions with a local current density of 2.5 mA m c -2 . As shown in Fig. 5a , electrodes with square nanostructures of height H, width W, and spacing H are examined in a periodic unit cell with dimensions of 0.64 μm × 0.58 μm, where the periodic boundary conditions are utilized at the top and bottom boundaries of the domain.
Effect of structure spacing.-Although nanostructures increase the surface area of the electrode, they can also cause pore blocking due to Li 2 O 2 buildup during the discharge process, thus rendering the additional surface area unutilized for the ORR. As the square nanostructured electrode shown in Fig. 5a , the effect of varying nanostructure spacing S is examined while keeping S + W = 40 nm the same so that the electrode surface area is constant. The height of the nanostructure, H, is kept at 10 nm for all cases. Figure 5b shows the discharge cell voltage versus the specific capacity under galvanostatic discharge with a local current density of 2.5 mA m c -2 for nanostructure spacings of 4, 16, 30, and 36 nm. The results show that the specific discharge capacity increases monotonically with nanostructure spacing. Note that increasing nanostructure spacing while keeping surface area constant leads to an increase in the electrode specific area and hence an increase in the insulation limit of the specific capacity as predicted by Eq. 14. It is also shown in Fig. 5b that, the discharge voltage does not change significantly with nanostructure spacing.
To quantitatively investigate the effect of nanostructure spacing, Fig. 6a plots the specific discharge capacity (Q) as a function of the nanostructure spacing (S) from pore-scale simulations (symbols) as compared to the insulation limit determined by Eq. 14 (red line) for S = 4, 8, 12, 16, 20, 26, 30 , and 36 nm. The results show that the specific discharge capacity increases monotonically from 2164 to 2923 mAh g c −1 when S increases from 4 to 36 nm. For all cases investigated, the simulated specific capacities are lower than the insulation limit, indicating that the Li 2 O 2 buildup on the electrode surface does not globally reach its insulation thickness when the discharge processes are terminated due to cell voltage falling below the cutoff voltage of 2.0 V.
As shown in Fig. 6a , the results from the pore-scale simulation reveal two regimes for the effect of nanostructure spacing on specific discharge capacity with two distinct slopes for the Q-S relation: i) a regime with a relative large slope at small nanostructure spacings (i.e., S = 4, 8, 12, 16, 20 nm) and ii) a regime with a relative small slope for large nanostructure spacings (i.e., S = 26, 30, 36 nm), separated by pore blocking events. Two time scales are associated with the Li 2 O 2 growth: the time for a nano-pore to be blocked is approximated by t b = S/(2dδ/dt) and the time for the electrode to be fully insulated is t ins = δ crit /(dδ/dt). For S > 2δ crit , it yields t ins < t b and the electrode becomes fully insulated before the pores are blocked by Li 2 O 2 . The regime of S > 2δ crit hence denotes the non-pore-blocking regime. In the non-pore-blocking regime, the simulation results show smaller specific capacities as compared to the insulation limit predicted by Eq. 14. Because for a nanostructured electrode, the critical insulation thickness of Li 2 O 2 is only reached locally due to uneven Li 2 O 2 deposition along the electrode surface while parts of the electrode still remain conductive. For these cases, the discharge process is stopped due to the cell voltage failing below 2.0 V. In addition, the simulated slope of the Q-S relation is similar to the slope predicted by Eq. 14 for the insulation limit. This is because for both simulation and simplified model, the nanostructure spacing affects the specific volume and thus the specific area of the cathode. As for the regime of S < 2δ crit , t ins > t b nano-pores are blocked before the electrode becomes fully insulated, or the so-called pore-blocking regime. In this regime, the simulation results show a larger slope of the Q-S relation than that predicted by Eq. 14 because of the further reduction in specific area (and increase of local current density and overpotential) due to pore blocking during discharge. At the limit of S = 0 nm and S = 40 nm, we recover the cases for bare fin electrodes. For both cases, the specific capacities are much smaller than those of nanostructured electrodes due to the reduction of surface area. Figure 6b shows the plateau discharge voltage as a function of nanostructure spacing of S = 4, 8, 12, 16, 20, 26, 30 , and 36 nm, where the discharge voltage monotonically increases from 2.636 V for S = 4 nm to 2.647 V for S = 36 nm. The results also show two different slopes for the plateau cell voltage versus nanostructure spacing curve. A more obvious increase in cell voltage with nanostructure spacing is observed for S < 20 nm (i.e., the pore-blocking regime where S < 2δ crit = 25.4 nm) due to the reduction of active surface area as a result of pore blocking. This is followed by a more subtle increase when S > 26 nm (i.e., the non-pore-blocking regime of S > 2δ crit ) due to the slight increase in the specific area with nanostructure spacing. Effect of structure height.- Figure 7 shows the simulated discharge profile and Li 2 O 2 growth for electrodes of different nanostructure heights of H = 4, 10, 20, 50 nm while keeping the nanostructure spacing S = 30 nm. As shown in the cell voltage versus specific capacity plot in Figure 7a , an increase in nanostructure height results in both a greater cell voltage and a larger discharge capacity. When the nanostructure height increases from H = 4 to 50 nm, the plateau cell voltage increases from 2.637 to 2.685 V and the discharge capacity increases from 2399 to 5551 mAh g c −1 . In the kinetic-limited Li 2 O 2 growth, the increase in electrode active surface area increases the cell voltage. In addition, because the nanostructure spacing is greater than twice the insulating thickness for all cases considered, pore blocking is avoided, which leads to an increase in specific capacity with electrode volume/mass. Figure 7c 
Conclusions
A pore-scale transport resolved model of the non-aqueous Liair battery has been developed that is capable of simulating the species/charge transport and reaction kinetics at the distinct phases of liquid electrolyte, solid electrode, and lithium peroxide. This porescale approach is in contrast to the more common volume-averaged model, which considers the domain as a homogenous medium of uniform porosity. Utilizing a pore-scale approach requires no simplification or assumptions regarding the electrode morphology, and has enabled the detailed studies into the effects of the precise electrode microstructure. A model for the thickness-dependent Li 2 O 2 conductivity is developed based on inputs from the DFT calculations and is incorporated into the pore-scale model to simulate the galvanostatic discharge of a nanostructured Li-air cell and validated by experiments. Good agreement is reached between the model and experiment, including the sudden drop in cell voltage at the end of discharge, which can not be recovered with the use of a constant Li 2 O 2 conductivity. A critical insulation thickness of 12.6 nm for the Li 2 O 2 buildup on the electrode surface is identified, above which the electrode becomes insulating.
The validated model is then used to examine the effects of the applied current density, the ORR rate coefficient, and the electrode geometry on cell performance. The results indicate that both the discharge voltage and capacity decrease with applied current density. The cell discharge capacity is limited by the spacing between nanostructures, which may lead to pore blocking and hence the reduction of active surface area. For the system considered, an increase in nanostructure spacing from 4 nm to 36 nm leads to a 35% increase in the specific discharge capacity. The height of nanostructures can also influence the specific discharge capacity, and both the discharge voltage and capacity increase with the nanostructure height as a result of increasing active area. By increasing the nanostructure height from 4 nm to 50 nm, the specific discharge capacity increases by approximately 120%.
The pore-scale model greatly benefits from the kinetic-limited Li 2 O 2 growth mechanism, although the real growth mechanism may also depend upon the choice of electrolyte, discharge current, and catalyst. A forthcoming paper will extend the pore-scale model to three dimensions and examine the microstructural effects of digitally reconstructed electrodes, as well as the rate-dependent Li 2 O 2 growth morphologies. The methodology presented here can be applied to any electrochemical system that includes an insoluble product formation as a result of the reaction process.
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